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Abstract

Background: A systemic pro-inflammatory state has been hypothesized to mediate the 

association between comorbidities and abnormal cardiac structure/function in heart failure with 

preserved ejection fraction (HFpEF). We conducted a proteomic analysis to investigate this 

paradigm.

Methods: In 228 HFpEF patients from the multicenter PROMIS-HFpEF study, 248 unique 

circulating proteins were quantified by a multiplex immunoassay (Olink) and used to recapitulate 

systemic inflammation. In a deductive approach, we performed principal component (PC) analysis 

to summarize 47 proteins known a priori to be involved in inflammation. In an inductive approach, 

we performed unbiased weighted co-expression network analyses of all 248 proteins to identify 

Address for correspondence: Sanjiv J. Shah, MD, Division of Cardiology, Department of Medicine, Feinberg Cardiovascular and 
Renal Research Institute, Northwestern University Feinberg School of Medicine, 676 N St Clair St, Suite 600 , Chicago, IL 60611, 
Phone: 312-926-8294, Fax: 312-253-4470, sanjiv.shah@northwestern.edu. 

All other authors report no relevant disclosures.

SUPPLEMENTAL MATERIALS

Supplemental Methods

Supplementary Tables I–XIII

HHS Public Access
Author manuscript
Circulation. Author manuscript; available in PMC 2021 November 24.

Published in final edited form as:
Circulation. 2020 November 24; 142(21): 2029–2044. doi:10.1161/CIRCULATIONAHA.120.045810.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



clusters of proteins that overrepresented inflammatory pathways. We defined comorbidity burden 

as the sum of 8 common HFpEF comorbidities. We used multivariable linear regression and 

statistical mediation analyses to determine whether and to what extent inflammation mediates the 

association of comorbidity burden with abnormal cardiac structure/function in HFpEF. We also 

externally validated our findings in an independent cohort of 117 HFpEF cases and 30 

comorbidity controls without HF.

Results: Comorbidity burden was associated with abnormal cardiac structure/function and with 

PCs/clusters of inflammation proteins. Systemic inflammation was also associated with increased 

mitral E velocity, E/e’ ratio, and tricuspid regurgitation (TR) velocity; and worse right ventricular 

function (tricuspid annular plane systolic excursion [TAPSE] and right ventricular. [RV] free wall 

strain). Inflammation mediated the association between comorbidity burden and mitral E velocity 

(proportion mediated 19–35%), E/e’ ratio (18–29%), TR velocity (27–41%), and tricuspid annular 

plane systolic excursion (13%) (P<0.05 for all) but not RV free wall strain. TNF-R1, UPAR, 

IGFBP-7 and GDF-15 were the top individual proteins that mediated the relationship between 

comorbidity burden and echocardiographic parameters. In the validation cohort, inflammation was 

upregulated in HFpEF cases versus controls, and the most prominent inflammation protein cluster 

identified in PROMIS-HFpEF was also present in HFpEF cases (but not controls) in the validation 

cohort.

Conclusion: Proteins involved in inflammation form a conserved network in HFpEF across 2 

independent cohorts and may mediate the association between comorbidity burden and 

echocardiographic indicators of worse hemodynamics and RV dysfunction. These findings support 

the comorbidity-inflammation paradigm in HFpEF.
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INTRODUCTION

Heart failure with preserved ejection fraction (HFpEF) is a systemic, multi-organ disorder 

that results in loss of cardiac, vascular, and skeletal muscle reserve, culminating in dyspnea 

and exercise intolerance. Several mechanisms have been proposed. The comorbidity-

inflammation paradigm explains HFpEF as a result of a comorbidity-induced systemic pro-

inflammatory state, which leads to endothelial dysfunction, coronary microvascular 

dysfunction, abnormal cardiac structure and function, and HFpEF.1 Indeed, comorbidities 

are prevalent in HFpEF and are known risk factors for cardiac dysfunction, the development 

of HFpEF, and adverse clinical outcomes.2–4 However, the evidence for the relationship 

between comorbidities, systemic inflammation, and HFpEF is based primarily on animal 

studies and small human studies that included cardiac biopsies.

Circulating inflammatory protein biomarkers appear to support the HFpEF comorbidity-

inflammation paradigm. Several studies have found associations between inflammation 

biomarkers (e.g., TNFα, IL-6, hs-CRP, GDF-15, ST2, C-C motif chemokine 20, and TNF-

receptor-1 [TNFR1]) and incident HFpEF, disease severity, and outcomes.5–8 However, 
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these previous studies used a selective approach—investigating a single or limited number of 

proteins. High-throughput technologies including novel multiplexed protein assays enable 

the investigation of a large set of proteins in a single sample. The resultant biomarker 

profiles are potentially useful for characterizing underlying pathophysiological pathways.5, 9 

Furthermore, previous studies did not evaluate the role of inflammation as a mediator of the 

association between comorbidity burden and cardiac dysfunction in HFpEF.

We therefore conducted a comprehensive proteomic evaluation of the comorbidity-

inflammation paradigm in HFpEF. The main aims of our study were to: (1) evaluate the 

associations of comorbidity burden with cardiac structure/function; comorbidity burden with 

inflammation (defined by circulating inflammation biomarkers); and inflammation with 

cardiac structure/function; and (2) to perform a statistical mediation analysis to determine 

whether inflammation may mediate the association between comorbidity burden and 

abnormal cardiac structure/function in HFpEF.

METHODS

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Study design

We analyzed blood samples and data from the PROMIS-HFpEF study, the design of which 

has been described previously.10 Briefly, PROMIS-HFpEF was a multicenter, observational 

study to evaluate the prevalence and correlates of coronary microvascular dysfunction in 

patients with HFpEF from Europe, the United States, and Southeast Asia. Patients were 

symptomatic, had a left ventricular ejection fraction (LVEF) ≥ 40%, and at least one of the 

following: (1) elevated natriuretic peptides; (2) prior HF hospitalization with evidence of 

either left ventricular (LV) hypertrophy or left atrial enlargement; (3) elevated pulmonary 

capillary wedge pressure at rest or with exercise; or (4) E/e’ ratio >15.

In the primary PROMIS-HFpEF study results paper (which focused on the prevalence and 

correlates of coronary microvascular dysfunction in HFpEF),10 only patients with analyzable 

coronary flow reserve (CFR) images and echocardiographic data (n=202) were included. For 

the present analysis, 228 of the total 263 enrolled patients (87%) with valid proteomic 

measurements were included.

We also analyzed data from a validation cohort of patients from Northwestern University. In 

this study, 117 out of 125 patients (94%) and 30 out of 31 comorbidity controls (97%) with 

available proteomic measurements were included. Patients were enrolled in this prospective 

observational study between November 2013 and May 2017. HFpEF patients were enrolled 

from the outpatient HFpEF clinic; control patients were enrolled from the outpatient general 

cardiology clinic or cardiac catheterization laboratory (elective, stable cases only). The 

diagnosis of HFpEF was made clinically by a cardiologist with expertise in HFpEF. Besides 

the presence of symptomatic HF and LVEF ≥50%, all patients had a prior history of HF 

hospitalization, evidence of elevated LV filling pressures (E/e’ > 15 or elevated LV filling 

pressures on invasive hemodynamic testing), or BNP > 100 pg/ml with evidence of LV 
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hypertrophy or left atrial enlargement. None of the HFpEF patients in the Northwestern 

validation cohort were enrolled in the PROMIS-HFpEF study; thus, it represented an 

independent sample. Control patients were deemed eligible if they had 1 or more risk factors 

for HFpEF (e.g., hypertension, obesity, diabetes, chronic kidney disease) and only if there 

was no history of heart failure (any type, including those with recovered LVEF). For both the 

HFpEF and control patients, patients with the following conditions were excluded: dilated, 

hypertrophic, or infiltrative cardiomyopathy; greater than moderate left-sided valvular 

disease; congenital heart disease; constrictive pericarditis; or a history of heart 

transplantation.

All study participants in both the PROMIS-HFpEF study and in the Northwestern validation 

cohort gave written informed consent, and the institutional review board at each site in both 

studies approved the study. Both studies complied with the Declaration of Helsinki.

Definition of comorbidity burden

Clinical characteristics, including comorbidity status, were obtained in all patients in both 

cohorts. Comorbidities were defined based on physician documentation, review of the 

medical records, and patient self-report. Comorbidity burden was described by a simple 

score assigning 1 point to each of the following comorbidities: hypertension, diabetes 

mellitus, obesity (body mass index [BMI] ≥30 kg/m2), dyslipidemia, coronary artery disease 

(defined as previous myocardial infarction, percutaneous coronary intervention, coronary 

artery bypass grafting, or a significant [> 50%] stenosis in 1 or more coronary arteries), 

stroke, anemia, and chronic pulmonary disease. This score is in line with a recently 

published comorbidity score that was associated with abnormal cardiac structure and 

function.11 We intentionally excluded chronic kidney disease (CKD) and atrial fibrillation 

(AF) from the comorbidity score. CKD is known to be an important confounder in 

biomarker studies, due to the dominant renal clearance of many circulating biomarkers. Both 

CKD and AF can also be the consequence of HFpEF rather than the cause, which could bias 

the mediation analyses that were performed (see Statistical Analysis section below).

Echocardiography, coronary flow reserve, and peripheral arterial tonometry

All study participants in both cohorts underwent comprehensive 2-dimensional 

echocardiography with Doppler and tissue Doppler imaging using commercially available 

ultrasound systems, as described in detail previously.10, 12 Cardiac structure and function 

were quantified as recommended by the American Society of Echocardiography/European 

Association of Cardiovascular Imaging.13–15 Speckle-tracking analysis of the 

echocardiograms in the PROMIS-HFpEF study and in the Northwestern HFpEF cohort was 

performed as described previously.10, 16 CFR was measured during adenosine transthoracic 

Doppler echocardiography, and peripheral arterial tonometry was performed using an 

EndoPAT device as described previously.13

Proteomic measurements

In both the PROMIS-HFpEF study and the Northwestern cohort, circulating protein 

biomarkers were quantified by a multiplex immunoassay (92 analytes plus internal controls 

per panel, Proseek Multiplex96×96 Olink Bioscience, Uppsala, Sweden) as described 
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previously,5 using the commercially available panels cardiovascular disease II, III and 

inflammation. Together these 3 panels measure 266 unique protein biomarkers (see 

Supplementary Table I for a full list of proteins and abbreviations). Further information 

about the Olink assay, including its reproducibility and internal validation, is available at 

http://www.olink.com and in the Supplemental Materials. When levels of any biomarker fell 

below the limit of detection (LOD) in ≥50% of the study population, the biomarker was 

excluded from further analysis (n=18 proteins, Supplementary Table I), leaving a total of 

248 proteins that were included in the present analysis.

Statistical analysis

PROMIS-HFpEF patients were stratified by comorbidity burden (0–2, 3–4, or 5+ 

comorbidities). Baseline characteristics were compared between groups using one-way 

ANOVA (or Kruskal-Wallis tests, when appropriate) for continuous variables, or Fisher’s 

exact test for categorical variables. Figure 1 displays the multi-step analytic plan that we 

used to test the hypothesis that systemic inflammation mediates the association between 

comorbidities and abnormal cardiac structure/function in HFpEF.

In step 1, we summarized ‘systemic inflammation’ based on the measured circulating 

proteins using 2 complementary approaches. In the deductive approach (step 1A), proteins 

were selected a priori based on their functional annotation in publicly available databases if 

these databases indicated that the protein was previously known to be associated with 

inflammation (Supplementary Table II). The resulting 47 proteins (see Supplementary Table 

I) were summarized using principal component (PC) analysis. PC analysis is a way to reduce 

the dimensionality of data that is correlated (i.e., instead of analyzing all 47 proteins 

individually, PC analysis can be used to summarize the information represented by the 

proteins into a much smaller number of variables while maintaining the informativeness of 

all 47 proteins).

In the inductive (unbiased) approach (step 1B), we used a weighted co-expression network 

analysis (WCNA) to cluster all 266 measured proteins given the possibility that some 

proteins may be involved in inflammation in HFpEF but may not be known a priori to be 

associated with inflammation. WCNA is a method often used to study biological networks; 

it defines clusters (modules) of proteins based on their relationship (weighted correlation) to 

each other. Although WCNA is able to collapse a large number of proteins into a smaller 

number of clusters, further analysis is required to determine which of the resultant protein 

clusters represents systemic inflammation. Thus, we used pathway overrepresentation 

analysis on the resulting clusters to select those representative of inflammatory pathways, 

which we defined as 2 or more inflammatory pathways represented in each protein cluster.

Once circulating inflammation was summarized by the deductive (protein PCs) and 

inductive (WCNA clusters) approaches, each patient is given a quantitative score 

(eigenvalue) that serves as a quantitative variable that summarizes the PCs or clusters. These 

eigenvalues, which summarize the variation in the proteins using the 2 analytic techniques 

(PC analysis and WCNA) were subsequently used in regression and mediation analyses.
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In step 2, using unadjusted and multivariable-adjusted linear regression analyses, we 

investigated the 3-way associations underlying the inflammation paradigm in HFpEF, 

depicted by arrows A, B and C in Figure 1: (A) association of comorbidity burden with 

individual cardiac structure/function parameters; (B) association of comorbidity burden with 

individual inflammation PCs and clusters; and (C) association of inflammation PCs and 

clusters with cardiac structure/function parameters.

Step 3 involved statistical mediation analysis to investigate how inflammation mediates the 

association between comorbidity burden and cardiac structure/function. Only variables that 

fulfilled the 3-way associations in step 2 (i.e., all 3 associations were significant at P<0.05) 

were included in these analyses as this is a prerequisite of mediation analysis.17 In 

sensitivity analyses, we investigated interactions of the mediation effect using moderated 

mediation analysis, stratifying by gender and by history of inflammatory (autoimmune) 

disease and/or cancer. We performed these analyses to determine whether the results differed 

by gender or presence of conditions known to increase systemic inflammation.

We also explored several single proteins as mediators in mediation analyses using similar 

methods to those outlined above (3-way association analyses, followed by mediation 

analyses) by replacing the inflammation PCs/modules with individual proteins. We selected 

the proteins for these analyses based on our results from both the deductive and inductive 

approaches (i.e., main hubs of the PCs or WCNA modules, respectively) combined with the 

existing literature on the relationship of these proteins with inflammation. We also tested the 

association of inflammation PCs and WCNA modules with 6-minute walk distance and with 

CFR and reactive hyperemia index—reflective of coronary and systemic microvascular 

function, respectively.

Finally, we performed external validation analyses in the Northwestern cohort. Student t-

tests, nonparametric Wilcoxon rank-sum tests, and Fisher’s exact tests were used to compare 

PROMIS-HFpEF with Northwestern-HFpEF patients, and Northwestern-HFpEF with 

Northwestern-control patients. Steps 1 and 2 of the analytic plan were repeated in the 

validation cohort. We tested whether the inflammation clusters identified in PROMIS-

HFpEF cohort were conserved (replicated) in the Northwestern validation cohort as a way to 

determine whether the pattern of inflammation in the measured proteins was the same in the 

PROMIS-HFpEF and the Northwestern-HFpEF patients. Additionally, we evaluated whether 

inflammation was upregulated in HFpEF cases versus controls by volcano plot analysis 

(adjusted for estimated glomerular filtration rate [GFR]). Mediation analysis was precluded 

in the validation cohort because of the relatively small sample size.

All regression and mediation models were adjusted for age, sex, GFR, and study site. 

Models using e’, E/e’ or left atrial (LA) parameters as endpoints were additionally adjusted 

for AF at the time of echocardiography because these parameters were found to be 

confounded by AF. Regression and mediation analyses involving systemic inflammation 

were additionally adjusted for history of autoimmune disease and cancer. We also performed 

sensitivity analyses by excluding PROMIS-HFpEF patients with LVEF < 50% (n=23).
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A two-sided P-value < 0.05 was considered statistically significant. Multiple hypothesis 

testing was accounted for using the false discovery rate (FDR) method by Benjamini & 

Hochberg. Analyses were performed using IBM SPSS Statistics, version 24.0 (IBM 

Corporation [Armonk, NY]) and R version 3.5.2 (The R Foundation for Statistical 

Computing, packages WGCNA and mediation). Protein biomarker networks were visualized 

using Cytoscape,18 and their potential biological roles were analyzed using Metascape.19 

Additional details on the statistical analyses are included in the Supplementary Materials.

RESULTS

Baseline characteristics in PROMIS-HFpEF

The median comorbidity score was 3 (25th-75th percentile 2–4). Compared to HFpEF 

patients with a low comorbidity burden, patients with a higher comorbidity burden were of 

similar age but more often male, more symptomatic, had a higher prevalence of AF, worse 

renal function, and higher uric acid, high-sensitivity CRP, and white blood cell count values 

(Table 1). Echocardiographic characteristics stratified by comorbidity burden are shown in 

Table 2. Measures of cardiac structure, indexed to body size, were similar among the groups. 

Multiple measures of LV systolic and diastolic function, left atrial function, and RV function 

were increasingly abnormal with increasing comorbidity burden (Table 2).

Inflammation proteomics

In the deductive approach, principal component analysis of 47 inflammation proteins, 

selected a priori, resulted in 6 principal components. The top 10 proteins that correlated 

most closely with each principal component are shown in Supplementary Table III. In the 

inductive approach, unbiased network-based clustering extracted 4 mutually exclusive 

protein clusters (Figure 2A), of which 3 were reflective of systemic inflammation on 

pathway overrepresentation analysis (Figures 2B–D): the turquoise cluster (main hub: 

TNFR1), yellow (main hub: insulin-like growth factor binding protein 7 [IGFBP 7]), and red 

(main hub: TNF-related apoptosis-inducing ligand receptor 2 [TRAILR2]) modules were 

reflective of ≥ 2 inflammatory pathways on pathway overrepresentation analysis (Figure 

2B–E). Ninety-four proteins were not assigned to any cluster due to lack of correlation to 

other proteins (see Supplementary Table I for a list of all proteins and the assigned cluster 

for each protein).

Combining the deductive and inductive approaches, a total of 9 parameters were extracted 

that summarize circulating protein markers of inflammation: 6 PCs based on inflammation 

proteins selected a priori and 3 unbiased protein clusters that reflect inflammation pathways.

Associations between comorbidity burden, inflammation, and cardiac structure/function

We confirmed the 3-way associations between comorbidity burden, inflammation, and 

cardiac structure/function. Comorbidity burden was independently associated with several 

echocardiographic parameters, except for LA volume index and LV mass index (Figure 3 

and Supplementary Table IV). Comorbidity burden was also associated with multiple 

summary parameters of inflammation (Figure 4; PC1, PC3, PC5, PC6, and the turquoise and 

yellow inflammation clusters), independent of age, sex, and GFR and remained significant 

Sanders-van Wijk et al. Page 7

Circulation. Author manuscript; available in PMC 2021 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



when additionally adjusting for a history of autoimmune disease and/or malignancy 

(Supplementary Table V). Finally, inflammation PCs and clusters were independently 

associated with increased mitral E velocity, E/e’ ratio, TR velocity, and with reduced RV 

function (TAPSE and RV free wall strain), but not with LV GLS, e’ velocity, LA volume, 

LA reservoir strain, or LV mass index (Figure 3 and Supplementary Table VI). Additional 

adjustment for a history of autoimmune disease and/or malignancy did not attenuate the 

overall associations between inflammation and cardiac function (Supplementary Table VI). 

As shown in the figures and tables, the majority of the identified associations remained 

significant after correcting for multiple comparisons using the FDR method.

Inflammation as mediator between comorbidities and cardiac structure/function

All variables that fulfilled the assumption of a 3-way association between comorbidities, 

inflammation, and cardiac structure/function (mitral E velocity, E/e’ ratio, TAPSE, TR 

velocity and RV free wall strain) were entered into formal mediation analyses. Inflammation 

mediated the associations between comorbidity burden and each of these echocardiographic 

indices except for RV free wall strain. For example, inflammation mediated the association 

between comorbidity burden and mitral E velocity (Figure 4 and Supplementary Table VII): 

19–35% of the association between comorbidity burden and mitral E velocity was explained 

by inflammation PCs/modules. As shown in Supplementary Table VII, mediation results for 

the other echocardiographic indices were as follows: E/e’ (18–29%), TAPSE (13%), and TR 

velocity (27–41%). The most consistent inflammation mediators were PC1, PC6, and the 

turquoise and yellow clusters. Mediation analysis results did not differ by sex or history of 

autoimmune disease and/or malignancy (P>0.90 for all interactions). Results were similar 

after correcting for multiple comparisons using the FDR method (Supplementary Table VII) 

and after exclusion of patients who had HF with mid-range EF (LVEF 40–49%; n=23) 

(Supplementary Table VIII).

As an exploratory analysis, 15 individual proteins that were highly representative of the 

inflammation PCs/clusters were tested individually as mediators between comorbidities and 

cardiac structure/function. TNFR1, UPAR, IGFBP7 and GDF15 were identified as mediators 

between comorbidity burden and mitral E velocity, E/e’ ratio, and TR velocity; LTBR and 

IL1-RT1 were mediators for mitral E velocity and TR velocity, and PLC was a mediator for 

TR velocity only (Supplementary Table IX).

In additional exploratory analyses, we found that in the HFpEF patients, inflammation PCs 

and clusters were independently associated with reduced CFR and lower 6MWT distance, 

but not with reactive hyperemia index. Additional adjustment for coronary artery disease, 

smoking, and E/e’ ratio in the regression models for CFR did not attenuate most of these 

associations (Supplementary Table X).

External validation

The Northwestern HFpEF patients (median comorbidity score 4, 25th-75th percentile 3–5) 

had a similar comorbidity burden compared to PROMIS-HFpEF patients (P=0.83 for the 

comparison between cohorts). However, Northwestern HFpEF patients were younger, more 

often obese, and had less structural remodeling (lower LV mass index, LA volume index, 

Sanders-van Wijk et al. Page 8

Circulation. Author manuscript; available in PMC 2021 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and RV size) but a lower average e’ velocity (Supplementary Table X). Compared to 

comorbidity controls, HFpEF patients were more often female; more frequently had obesity 

and anemia; had less coronary artery disease; and had worse renal function and cardiac 

structure/function (Supplementary Table XI).

Northwestern HFpEF patients exhibited significantly more systemic inflammation compared 

to controls. As shown in Figure 5A (volcano plot), 25 individual proteins were 

overexpressed in HFpEF patients versus controls. Together, they were highly representative 

of inflammatory pathways including cellular response to TNF, cytokine-cytokine receptor 

interaction, leukocyte chemotaxis, acute inflammatory response, and macrophage 

differentiation (Figure 5B).19. Four of the 6 inflammation PCs were significantly higher in 

HFpEF patients compared to controls, even after adjustment for age, sex, and GFR (Figure 

5C).

The cluster with the most inflammation pathways that was identified in the PROMIS-HFpEF 

on WCNA analysis (turquoise cluster) was the most conserved cluster in the Northwestern 

HFpEF patients (P<0.001, Figure 2A, 2D, 2E, and 2F), whereas it was the least conserved 

cluster in Northwestern control patients. The overall coexpression network of circulating 

proteins was very different in Northwestern HFpEF patients versus controls (Figure 2E and 

2F).

In the Northwestern cohort, comorbidity burden was associated with increased inflammation 

(turquoise cluster) after adjustment for age, sex and GFR (Supplementary Table XII). 

Inflammation PCs/clusters were associated with multiple indices of cardiac structure/

function (increased LA volume index, mitral E velocity, E/e’ ratio, and TR velocity, and 

reduced TAPSE), but adjustment for age, sex and GFR largely attenuated these associations 

(Supplementary Tables XIIIA and XIIIB).

DISCUSSION

In a comprehensive proteomic investigation of the comorbidity-inflammation paradigm in 

HFpEF, we found that (1) comorbidity burden is associated with worse cardiac structure and 

function; (2) comorbidity burden is associated with heightened systemic inflammation; (3) 

systemic inflammation is associated with worse cardiac function; and importantly, (4) 

systemic inflammation appears to mediate the association between comorbidity burden 

worse cardiac hemodynamic stress (elevated intracardiac pressures) and its consequences 

(worse RV function).

Comorbidity burden and cardiac structure/function in HFpEF

In the first step of our analyses, we found associations between comorbidity burden and 

altered cardiac structure and function in HFpEF. A similar association between comorbidity 

burden and worse LV longitudinal strain, e’ velocity, and E/e’ ratio prior to the onset of HF 

was previously shown in the Hypertension Genetic Epidemiology Network (HyperGEN) 

study.11 In patients with prevalent HF, a higher comorbidity burden was found to be 

associated with increased hospitalizations and mortality, with a stronger association for 

hospitalizations in HFpEF compared to heart failure with reduced ejection fraction (HFrEF).
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4 Together this evidence supports the idea that comorbidities are drivers of HFpEF 

development and progression.

Inflammation as a mediator between comorbidities and cardiac structure/function in 
HFpEF

The second step of our analysis was assessment of systemic inflammation as a potential 

mediator between comorbidities and cardiac alterations seen in HFpEF—a well-recognized 

hypothesis1, 20 that is based on pre-clinical and relatively small human biopsy studies of 

HFpEF.5–7, 9, 21–27 Previous biomarker studies in HFpEF have also supported the prominent 

role of inflammation in HFpEF. In the KaRen study, a panel of 98 biomarkers was 

investigated. Inflammation-related biomarkers were the strongest associates of both HFpEF 

severity and outcome.5 Two other studies compared HFpEF versus HFrEF and found 

specific biomarker profiles in HFpEF to be enriched with inflammation pathways,7 one of 

which was also externally validated.9

Our study is unique in that it is the first study to our knowledge to: (1) evaluate 

inflammation comprehensively in HFpEF, using both deductive and inductive approaches, 

along with external validation; and (2) investigate the role of inflammation as a mediator 

between comorbidities and abnormal cardiac structure/function in HFpEF. Mediation 

analysis is a statistical technique that provides causal inference within observational studies 

such as ours. We found that systemic inflammation is more prominent in HFpEF compared 

to controls with comorbidities who do not have HF; and systemic inflammation is a 

significant and relevant mediator of the association between comorbidity burden and 

echocardiographic indices of cardiac filling pressures and RV dysfunction in the setting of 

HFpEF.

In HFpEF, systemic inflammation has been related to increased cardiomyocyte passive 

tension and increased myocardial collagen deposition, both of which would result in reduced 

LV compliance.21, 25, 26 In the absence of a widely accepted non-invasive method to measure 

LV compliance,28, 29 echocardiographic markers of LV filling pressures (e.g., E velocity, 

E/e’ ratio, TR velocity) can be used to indicate increased LV diastolic stiffness. Thus, our 

finding that inflammation PCs and modules primarily mediated the association between 

comorbidity burden and markers of LV filling pressures supports the hypothesis that 

comorbidity-induced systemic inflammation is associated with increased myocardial 

stiffening. Another potential explanation for our findings is that comorbidity-induced 

systemic inflammation is an important trigger for congestion.30

Our results are further supported by a similar associative trend in the validation cohort, 

although the smaller study size prohibited mediation analysis, and statistical power was 

limited (especially for multivariable analyses). Still, we found that inflammation was 

upregulated in HFpEF compared to controls and that inflammatory proteins are coexpressed 

differently in cases versus comorbidity controls, which supports the notion that systemic 

inflammation is related to HF symptomatology (i.e., HFpEF) in patients with comorbidities. 

These analyses suggest that proteins involved in T cell-mediated toxicity and other 

inflammatory pathways are connected differently in HFpEF versus controls. Finally, the 
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turquoise module (with the central hub of TNFR1) was the most conserved module across 

the two independent HFpEF cohorts, validating its biological importance in HFpEF.

Specific inflammation pathways in HFpEF

Several representative inflammation-related proteins in our study show potential for further 

investigation, either as a biomarker for screening or as a potential therapeutic target to 

further investigate in pre-clinical studies. These proteins included the main hubs (most 

strongly associated with) of the inflammation summary markers (PC1, PC6, turquoise 

cluster, yellow cluster) that appeared to mediate the association between comorbidity burden 

and cardiac structure/function in our analyses. Soluble TNFR1 represents the main hub of 

the most important inflammation cluster in our study (turquoise cluster) and PC1 and also 

individually mediated the association between comorbidities and cardiac structure/function. 

Soluble TNFR1 is released in response to pro-inflammatory stimuli31 and was associated 

with incident HF in 2 independent Swedish cohorts32 and in the US-based Health ABC 

study.33 Interestingly, it was more closely associated with risk of HFpEF than HFrEF. In the 

KaRen biomarker study, soluble TNFR1 was associated with both clinical outcome and with 

E/e’ ratio.5 Although prior trials of TNFα antagonism in HFrEF did not improve outcomes,
34 divergent effects attributed to stimulation of TNFR1 versus TNFR235 in combination with 

our results, and the possibility that TNFα pathways are different in HFpEF compared to 

HFrEF could evoke new interest in the TNF pathway, particularly in HFpEF.

Additional individual proteins implicated in systemic inflammation that appeared to mediate 

the association between comorbidities and cardiac structure and function in our study 

included: (1) growth differentiation factor-15 (GDF15)—a member of the transforming 

growth factor-beta superfamily stimulated by inflammation, oxidative stress, and tissue 

hypoxia or injury—is associated with incident HF and prognosis in both HFpEF and HFrEF;
5, 32, 36 (2) urokinase plasminogen activator receptor (UPAR)—whose ligand uPA is 

involved in cardiac macrophage accumulation, macrophage oxidative stress, and subsequent 

cardiac fibrosis37, 38—was found to be associated with incident HF32 and worse outcome in 

prevalent HF;39 (3) lymphotoxin β receptor (LTBR)—a known orchestrator of immune cell 

trafficking which binds 2 immune-cell specific ligands and is expressed on endothelial cells 

and smooth muscle cells40–42—is associated with HF, atherosclerosis, endothelial cell 

inflammation, and diabetes; (4) interleukin-1 receptor type-1 (IL-1RT1, most correlated 

protein with PC6) is involved in the IL-1 signaling cascade, and the IL-1 blocker anakinra 

has been studied in HFpEF in the phase 2 D-HART trial in HFpEF where it did not improve 

cardiorespiratory fitness but did lower hsCRP and NT-proBNP;43 and (5) perlecan (PLC), a 

large basement membrane proteoglycan which regulates inflammation, cardiac development, 

and angiogenesis.44 An additional protein identified in our study, IGFBP7 (the main hub of 

the yellow cluster)—which is localized to endothelial cells and related to cellular senescence 

and fibrosis, may link it to the pro-inflammatory cascade in HFpEF—is associated with both 

adverse outcome and worse diastolic function in HFpEF.45

Clinical impact and future research

Inflammation biomarkers may have potential in screening, diagnostic, and prognostic 

purposes for HFpEF.5–7, 9, 24, 32, 46 Considering that comorbidities are thought to be 
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precursors of HFpEF by increasing systemic inflammation—which is supported by our 

results—it would be worthwhile to investigate whether we can select high-risk patients 

based on their level of circulating inflammation (or enrichment of specific inflammation 

modules/proteins in the blood) for early diagnosis and prevention efforts. Moreover, our 

results support the pursuit of inflammation as a therapeutic target for prevalent HFpEF. 

Treating in an early stage may improve efficacy of therapy in HFpEF considering that 

inflammation precedes cardiac stiffening, which may be very difficult to reverse. Broad anti-

inflammatory or immunomodulatory therapies including anti-TNF therapy (RENEWAL 

program), immuno-modulation (ACCLAIM trial), and intravenous immunoglobulin therapy 

did not show benefit in prior HFrEF trials.47 Our study, coupled with epidemiological 

studies showing a greater role of inflammation in preceding incident HFpEF compared to 

HFrEF, provide rationale to reexamine targeting inflammation in HFpEF, the clinical trials 

for which have thus far been limited.43, 48 Thus, both non-specific anti-inflammatory 

therapies (e.g., colchicine, statins, n3-PUFA) as well as more targeted therapies (e.g., anti-

MCP1, recombinant IL-10, ICAM/VCAM-antagonists) still hold promise in HFpEF.47, 49 

Furthermore, HFpEF is known to be heterogeneous, and inflammation may be more or less 

dominant in specific subtypes; thus future studies and trials may benefit from: (1) 

characterization of the circulating inflammation profile in HFpEF patients in order to 

provide appropriate and targeted therapy; (2) confirmation of causality of inflammation in 

the pathogenesis of HFpEF; and (3) investigation of specific inflammation targets.

Strengths and limitations

Strengths of our study include the prospective, multi-center, multi-national nature of the 

PROMIS-HFpEF study and validation of our results in an independent cohort of HFpEF 

patients and comorbidity controls. We utilized a comprehensive inflammation proteomic 

evaluation using both deductive and inductive approaches with a large set of protein 

biomarkers. Finally, we performed mediation analysis as a method for causal inference. 

Although mediation does not prove causality, it goes beyond simple, unidirectional 

association analyses.

Several limitations should be considered when interpreting the results of our study. Our 

results may be biased because the proteins we measured—despite the relatively large 

number studied here—are still only a small subset of all the proteins in the circulation, and 

do not necessarily reflect intracellular or tissue-specific proteins. We attempted to mitigate 

this limitation using pathway analysis which can broaden the inference obtained from the 

smaller subset of proteins measured in our study. In addition, our investigation was not 

exploratory but based on the specific, published hypothesis that inflammation in an 

important pathogenic stimulus in HFpEF based on prior pre-clinical and clinical studies. 

Moreover, we intentionally used both deductive (PC analysis) and inductive (WCNA) 

approaches to identify related inflammation biomarkers. Interestingly, both approaches 

returned analogous inflammation protein profiles based on the top 10 most correlated 

proteins with PC1 versus the top 10 proteins of the turquoise cluster, providing a form of 

internal validation of our findings. This reduces the potential for bias, plus we additionally 

provide external validation of our results. Mediation analysis in a cross-sectional study 

should be interpreted with caution because of the potential for associations to be 
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bidirectional. We cannot exclude the possibility that elevated cardiac filling pressures and 

worse RV function (reflective of worse HF) is the trigger for increased inflammation and 

elevated biomarkers such as TNFR1. However, prior studies that have found biomarkers 

such as TNFR1 are associated with incident HF, coupled with pre-clinical studies showing a 

role for dysregulated TNFR1 signaling in the pathogenesis of HF50 argue against 

inflammation as solely a consequence (and not a cause) of HFpEF. Nevertheless, population-

based studies of incident HFpEF, mechanistic studies in animal models, and replication of 

our results with alternative proteomic assays or platforms should be performed to validate 

our findings.

Conclusions

In a comprehensive proteomic investigation of the comorbidity-inflammation paradigm in 

HFpEF, we found that (1) comorbidity burden is associated with abnormal cardiac structure 

and function; (2) comorbidity burden is associated with heightened systemic inflammation; 

(3) circulating proteins reflective of systemic inflammation are associated with worse 

cardiac function and are upregulated in HFpEF compared to non-HF controls with 

comorbidities; and importantly, (4) inflammation appears to mediate the association between 

comorbidity burden and worse cardiac hemodynamics and RV function.
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Non-standard Abbreviations and Acronyms

CFR coronary flow reserve

FDR false discovery rate

GDF-15 growth differentiation factor-15

GLS global longitudinal strain

HFpEF heart failure with preserved ejection fraction

hs-CRP high-sensitivity C-reactive protein

IGFBP7 insulin Like Growth Factor Binding Protein 7

IL-6 interleukin-6

IL1-RT1 interleukin-1 receptor type 1

LA left atrial

LOD limit of detection

LTBR lymphotoxin beta receptor

LV left ventricular

PCA principal component analysis

PLC perlecan

PROMIS-HFpEF PRevalence Of MIcrovascular dySfunction in Heart Failure 

with Preserved Ejection Fraction

RV right ventricular

TAPSE tricuspid annular plane systolic excursion

TNFR1 tumor necrosis factor receptor 1

TNFα tumor necrosis factor-alpha

TR tricuspid regurgitation
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TRARILR2 TNF-related apoptosis-inducing ligand receptor 2

UPAR urokinase plasminogen activator receptor

WCNA weighted coexpression network analysis
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CLINICAL PERSPECTIVE

What is new?

• To investigate the hypothesis that HFpEF is the result of comorbidity-induced 

systemic inflammation, we performed a comprehensive proteomic analysis 

including 248 unique circulating proteins in the PROMIS-HFpEF study and 

validated our results externally.

• We found that circulating proteins involved in inflammation mediate the 

association between comorbidity burden and echocardiographic parameters of 

worse hemodynamics and right ventricular function in HFpEF, supporting the 

comorbidity-inflammation paradigm.

• Inflammatory proteins formed a conserved network across 2 independent 

HFpEF cohorts, and inflammatory pathways were upregulated in HFpEF 

cases versus controls, providing additional supportive evidence for the role of 

inflammation in HFpEF.

What are the clinical implications?

• If validated in future studies, our findings could support reconsidering 

inflammation as a therapeutic target in patients with HFpEF and could lead to 

the investigation of inflammation targets in HFpEF.

• Comprehensive characterization of the circulating inflammation profile may 

assist with the diagnosis of HFpEF and the identification of a HFpEF 

subgroup that has increased burden of inflammation due to comorbidities.
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Figure 1. Study Design Overview in the PROMIS-HFpEF Derivation Cohort
The analytic approach in the PROMIS-HFpEF derivation cohort started with recapitulating 

(summarizing) systemic inflammation using both inductive and deductive approaches in step 

1. The deductive approach used a priori knowledge of proteins associated with inflammation 

based on functional annotation in the GO, KEGG, and Reactome databases, followed by 

principal components analysis. The inductive approach used an unbiased weight co-

expression network analysis (WCNA) with clustering, followed by pathway 

overrepresentation analysis. The resulting principal components and inflammation protein 

clusters were then used as markers of systemic inflammation in subsequent analyses. In step 

2, we used 1-way regression models to determine the association between (A) comorbidity 

burden with cardiac structure/function; (B) comorbidity burden and systemic inflammation; 

and (C) systemic inflammation and cardiac structure/function. Finally, in step 3, we 

performed formal statistical mediation analysis to determine whether markers of systemic 

inflammation (PCs and protein clusters) mediated the association between comorbidity 

burden and specific indices and cardiac structure/function. *Selected if annotated as 

inflammation-related in 2 or more of the databases (GO, KEGG, and Reactome).**These 6 

PCs captured 57% of the variation in the 47 selected inflammation-related proteins. †All 

regression models were adjusted for age, sex, GFR, and study site; LA volume index, LA 

reservoir strain, e’ velocity, and E/e’ ratio were also further adjusted for atrial fibrillation. ‡ 
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Mediation analysis was only performed for protein PCs/clusters and echocardiographic 

parameters that fulfilled a valid 3-way association in step 2 (i.e., statistically significant 

associations with a coherent direction had to be present in regression models corresponding 

to arrows A, B, and C). Echocardiographic parameters that met these criteria for mediation 

analysis are represented in bold font. Inflammation protein parameters that met these criteria 

were PC1, PC5, PC6, the turquoise cluster, and the yellow cluster. Abbreviations: CAD = 

coronary artery disease; Echo = echocardiographic; LV = left ventricle; LA = left atrial; RV 

= right ventricular; TAPSE = tricuspid annular plane systolic excursion; TR = tricuspid 

regurgitation; GO = gene ontology; KEGG = Kyoto Encyclopedia of Genes ad Genomes.
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Figure 2. Protein Clusters Identified by Weighted Co-expression Network Analyses in PROMIS-
HFpEF Derivation Cohort and the Northwestern Validation Cohort
(A) Adjacency network-map of circulating proteins color-coded by cluster assignment by 

hierarchical clustering-based nearness or co-expression of proteins. For clarity of 

presentation only nodes (proteins) that were assigned to a cluster are shown (N=159/248); 

the remaining proteins lie on the outer edges of the network-map. (B) Overrepresented, non-

redundant pathways in each cluster with false discovery rate corrected P-values. (C) Detailed 

network-maps of proteins in the 3 clusters that were representative of inflammation (i.e., 

overrepresentation of ≥2 inflammatory pathways). Node size reflects intra-cluster 
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connectivity (i.e., the sum of weighted edges [correlations] with all other proteins in the 

cluster). Node color density reflects the strength of cluster membership. Edge thickness and 

transparency reflect the adjacency of proteins according to weighted co-expressions. (D) 

Summary of extracted clusters including (1) the number of assigned proteins per cluster, (2) 

the main hub (based on intra-cluster connectivity), (3) other exemplar proteins, the primary 

(most significant) overrepresented pathway; (4) the number of significantly upregulated 

inflammatory pathway; and (5) the cross-cohort conservation in the HFpEF patients in the 

Northwestern validation cohort, reflected by the number of overlapping proteins and 

corresponding P-value (tested under a hypergeometric distribution). (E) Adjacency network-

map of circulating proteins in the Northwestern HFpEF patients in the validation cohort. 

Clusters with most significant overlap were assigned the same color as the corresponding 

cluster in PROMIS-HFpEF cohort. (F) Adjacency network-map of circulating proteins in the 

Northwestern control patients in the validation cohort. Cluster preservation was tested 

against the Northwestern HFpEF patients; clusters with significant overlap were assigned the 

same color as the corresponding cluster in the Northwestern HFpEF patients.
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Figure 3. Heatmap of Associations of Comorbidity Burden and Inflammation with Indices of 
Cardiac Structure and Function in PROMIS-HFpEF.
The values in the cells represent p-values for the associations. The color and intensity of 

each cell depicts the standardized β-coefficients from linear regression models adjusted for 

age, gender, glomerular filtration rate, and study site (and atrial fibrillation, for LA indices 

and E/e’ ratio). Echocardiographic indices that were significantly associated with both 

comorbidity burden and inflammation (and thus fulfilling the assumptions for mediation 

analysis) are marked by red font. PC2, PC4, and the red cluster are not shown because of 

their lack of association with comorbidity burden; PC3 is not shown because all associations 
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had P-values >0.20. Of the statistically significant associations (P<0.05), the yellow cluster 

was no longer associated with TAPSE after adjustment for inflammatory (autoimmune 

disease) and/or malignancy. Of the statistically significant associations (P<0.05), the 

following were no longer significant after correction for multiple testing (false discovery 

rate): PC1 and relative wall thickness; PC5 and mitral E velocity; PC5 and RV free wall 

strain; PC6 and RV free wall strain; turquoise cluster and relative wall thickness; turquoise 

cluster and E/e’ ratio; and turquoise cluster and TR velocity. LV = left ventricular; LA = left 

atrial; RV = right ventricular; TAPSE = tricuspid annular plane systolic excursion; TR = 

tricuspid regurgitation; PC = principal component.
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Figure 4. Mediation Analysis of Inflammation Principal Components/Clusters as Mediators of 
the Association Between Comorbidity Burden and Mitral E Velocity in PROMIS-HFpEF
Mediation modeling including testing of underlying assumptions. Mitral E velocity was used 

as an example outcome measure. Values adjacent to the arrows in (A) and (B) depict 

standardized β-coefficients (95% CIs) and P-values from linear regression models adjusted 

for age, gender, glomerular filtration rate, study site, and atrial fibrillation. (A) Total effect of 

the association of comorbidity burden with mitral E velocity on linear regression analysis, a 

prerequisite for mediation analysis. (B) Investigating the assumptions that comorbidity 

burden is associated with increased inflammation (reflected by protein PCs/clusters) and that 
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inflammation is associated with increased mitral E velocity in HFpEF. Mediators in light 

blue do not fulfill the assumptions for mediation analysis because there is no statistically 

significant effect between predictor and mediator and/or between mediator and outcome. (C) 

Mediated effect in mediation analysis of parameters fulfilling the underlying assumptions, 

indicating that 19–35% of the association of comorbidity burden with increased mitral E 

velocity is mediated by systemic inflammation. *P>0.05 after false discovery rate correction. 

**Percent mediated = mediated effect / total effect × 100.
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Figure 5. Inflammation in HFpEF Patients versus Comorbidity Controls in the Northwestern 
Validation Cohort
(A) Volcano plot showing the upregulated proteins in HFpEF versus comorbidity control 

patients in the Northwestern validation cohort. Dashed lines show the cut-off used for 

defining upregulation (false discovery rate-corrected P<0.01 and a > 1.5 fold-change). (B) 

Significantly overrepresented pathways in HFpEF patients versus comorbidity controls 

based on the upregulated proteins, indicating upregulation of several inflammatory 

pathways. (C) Principal component scores summarizing circulating inflammation proteins in 

HFpEF patients (red) versus comorbidity controls (turquoise). Boxes depict 25th-75th 

percentiles, horizontal lines through the box depict the median (50th percentile), whiskers 

depict the upper and lower extremes, and dots depict outliers.
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Table 1.

Clinical and Laboratory Characteristics Stratified by Comorbidity Burden in PROMIS-HFpEF

Characteristic Comorbidity burden (number of comorbidities) P-value

0–2 (n=67) 3–4 (n=110) 5+ (n=51)

Age, years 78 (70–82) 75 (70–81) 73 (68–79) 0.24

Female, n (%) 19 (28.4) 53 (47.7) 28 (54.9) 0.007

Race 0.86

-White 60 (89.6) 95 (85.6) 45 (88.2)

-Black 2 (3.0) 5 (4.5) 3 (5.9)

-Other 5 (7.5) 11 (9.9) 3 (5.9)

Body mass index, kg/m2 25.9 (23.0–29.0) 27.6 (24.0–32.3) 33.4 (29.7–39.5) <0.001

Heart rate, bpm 69 (61–79) 71 (60–80) 67 (62–76) 0.65

Systolic BP, mmHg 140 (121–156) 140 (125–152) 134 (126–150) 0.84

Diastolic BP, mmHg 76 (70–83) 79 (70–89) 75 (66–81) 0.11

NYHA class 0.001

-I 3 (4.5) 1 (0.9) 0 (0)

-II 7 (10.4) 26 (23.4) 21 (41.2)

-III 7 (10.4) 26 (23.4) 21 (41.2)

Medical history, n (%)

-Hypertension
* 39 (58.2) 101 (91.0) 50 (98.0) <0.001

-Obesity (BMI ≥ 30 kg/m2)
* 8 (11.9) 39 (35.1) 38 (74.5) <0.001

-Hyperlipidemia
* 9 (13.4) 66 (59.5) 46 (90.2) <0.001

-Diabetes
* 1 (1.5) 25 (22.5) 37 (72.5) <0.001

-Coronary artery disease
* 4 (6.0) 19 (17.1) 25 (49.0) <0.001

-Stroke
* 1 (1.5) 10 (9.0) 15 (29.4) <0.001

-Anemia
* 13 (20.0) 39 (35.5) 27 (52.9) 0.001

-Chronic pulmonary disease
* 5 (7.5) 13 (11.7) 16 (31.4) 0.001

-Atrial fibrillation 26 (38.8) 68 (61.3) 37 (72.5) 0.001

-Chronic kidney disease 30 (44.8) 57 (51.4) 35 (68.6) 0.03

-Valvular disease 15 (22.4) 37 (33.3) 10 (19.6) 0.12
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Characteristic Comorbidity burden (number of comorbidities) P-value

0–2 (n=67) 3–4 (n=110) 5+ (n=51)

-Pulmonary hypertension 14 (20.9) 19 (17.1) 10 (19.6) 0.82

-Malignancy 17 (25.8) 19 (17.1) 5 (9.8) 0.09

-Inflammatory disease 8 (11.9) 11 (9.9) 5 (9.8) 0.92

Laboratory data

-Sodium, mmol/L 140 (139–142) 140 (138–142) 141 (138–142) 0.98

-Potassium, mmol/L 4.2 (3.9–4.4) 4.3 (4.0–4.5) 4.3 (4.1–4.6) 0.13

-BUN, mg/dL 21.9 (16.0–26.1) 22.1 (17.9–26.9) 30.0 (17.9–44.5) 0.007

-Creatinine, mg/dL 0.95 (0.81–1.15) 1.07 (0.86–1.38) 1.18 (1.02–1.63) <0.001

-GFR, mL/min/1.73 m2 63 (50–75) 59 (45–76) 52 (39–64) 0.01

-Cystatin-C, mg/L 1.19 (0.96–1.61) 1.35 (1.06–1.62) 1.44 (1.18–1.96) 0.008

-NT-proBNP, pg/mL 1180 (646–1882) 1680 (831–2620) 1503 (987–3378) 0.07

-hsCRP, mg/L 2.1 (0.9–4.2) 2.3 (1.15–5.5) 3.9 (1.9–6.6) 0.03

-hsTnT, ng/L 12 (10–18) 14 (10–25) 17 (10–33) 0.02

-Hemoglobin A1c, % 5.6 (5.4–5.8) 5.8 (5.6–6.7) 6.9 (6.1–7.6) <0.001

-Albumin, g/dL 3.7 (3.4–3.9) 3.7 (3.4–4.0) 3.7 (3.5–4.0) 0.82

-Uric acid, mg/dL 6.22 (5.38–7.39) 6.89 (5.71–8.57) 7.23 (6.22–8.91) 0.01

-Hemoglobin, g/dL 13.2 (12.4–14.1) 13.0 (11.8–14.2) 12.7 (11.2–13.6) 0.11

-Platelet count, K/mm3 225 (186–257) 219 (180–246) 208 (180–251) 0.36

-WBC count, K/mm3 5.8 (4.8–6.9) 6.9 (5.7–8.0) 7.1 (6.0–8.4) <0.001

-UACR, mg/g 12.4 (6.2–38.9) 37.2 (13.3–106.2) 59.3 (21.2–184.1) 0.001

Medications, n (%)

-Loop diuretic 24 (35.8) 60 (54.1) 41 (80.4) <0.001

-Thiazide diuretic 13 (19.4) 10 (9.0) 3 (5.9) 0.05

-ACE-inhibitor 25 (37.3) 28 (25.2) 19 (37.3) 0.15

-ARB 28 (41.8) 50 (45.0) 22 (43.1) 0.91

-Beta-blocker 44 (65.7) 86 (77.5) 46 (90.2) 0.006

-MRA 13 (19.4) 33 (29.7) 17 (33.3) 0.18
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Characteristic Comorbidity burden (number of comorbidities) P-value

0–2 (n=67) 3–4 (n=110) 5+ (n=51)

-CCB 18 (26.9) 35 (31.5) 21 (41.2) 0.26

-Antiplatelet agent 19 (28.4) 25 (22.5) 15 (29.4) 0.55

-Anticoagulant 47 (70.1) 95 (85.6) 48 (94.1) 0.002

-Statin 18 (26.9) 67 (60.4) 46 (90.2) <0.001

-Total number of 
medications

7 (6–11) 9 (6–12) 11 (9–14) <0.001

Values represent median (25th-75th percentile) for continuous variables and frequency (percent) for categorical variables.

*
Comorbidities included in the comorbidity score

BMI = body mass index; BP = blood pressure; HF = heart failure; BUN = blood urea nitrogen; NT-proBNP = N-terminal pro-B-type natriuretic 
peptide; GFR = glomerular filtration rate; hsCRP = high-sensitivity C-reactive protein; hsTnT= high-sensitivity troponin T; ACE = angiotensinogen 
converting enzyme; ARB = angiotensin II receptor blocker; MRA = mineralocorticoid receptor antagonist; CCB = calcium channel blocker.
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Table 2.

Echocardiographic Characteristics Stratified by Comorbidity Burden in PROMIS-HFpEF

Characteristic Comorbidity burden (number of comorbidities) P-value

0–2
(n=67)

3–4
(n=110)

5+
(n=51)

LVEF, % 59 (55–65) 59 (55–63) 61 (56–65) 0.35

LVEDVi, ml/m2 41.8 (32.6–52.7) 41.7 (34.3–49.0) 38.9 (32.9–50.2) 0.79

LVESVi, ml/m2 16.7 (11.6–22.0) 16.8 (13.5–20.6) 15.9 (12.3–19.3) 0.65

LVMi, g/m2 103 (81–119) 104 (83–125) 108 (85–133) 0.37

Relative wall thickness 0.43 (0.38–0.51) 0.44 (0.39–0.52) 0.49 (0.43–0.56) 0.02

LAVi, ml/m2 35.9 (29.9–43.6) 39.7 (30.9–47.7) 39.0 (31.5–42.9) 0.23

Mitral E, cm/s 89 (75–105) 95 (81–114) 108 (80–129) 0.04

e’ (average), cm/s 8.2 (6.5–9.8) 8.2 (6.9–10.5) 8.0 (6.2–9.9) 0.43

E/e’ ratio (average) 11.7 (9.1–16.1) 12.1 (8.9–16.5) 13.8 (10.8–16.7) 0.28

RVEDAi, mm2/m2 94.5 (79.1–107.8) 101.6 (84.0–117.8) 98.3 (81.8–119.7) 0.07

RVESAi, mm2/m2 50.3 (44.5–63.8) 58.4 (47.8–75.1) 53.8 (46.5–74.5) 0.14

RV wall thickness, cm 0.46 (0.43–0.50) 0.47 (0.43–0.53) 0.51 (0.47–0.56) <0.001

TAPSE, cm 1.9 (1.6–2.2) 1.7 (1.5–2.1) 1.7 (1.5–1.9) 0.005

RV s’ velocity, cm/s 12.5 (9.7–14.4) 11.2 (9.9–12.9) 10.1 (9.1–12.4) 0.01

TR velocity, cm/s 297 (274–325) 293 (263–329) 313 (271–362) 0.18

LV GLS, %-unit 17.5 (14.1–19.4) 16.2 (13.1–18.4) 14.6 (12.4–17.1) 0.008

RV free wall strain, %-unit 23.9 (20.5–28.0) 21.0 (17.8–24.7) 20.0 (15.5–24.6) <0.001

LA reservoir strain, %-unit 25.2 (16.0–36.2) 17.5 (12.5–31.6) 18.0 (12.2–27.3) 0.007

Values represent median (25th-75th percentile). Strain values are shown as absolute values for ease of interpretation. E/e’ ratio and e’ velocity 
represent average of septal and lateral mitral annulus values.

LVEDVi = left ventricular end diastolic volume index; LVESVi = left ventricular end systolic volume index; LVEF = left ventricular ejection 
fraction; LVMi = left ventricular mass index; RWT = relative wall thickness; LAVi =left atrial volume index; RVEDAi = right ventricular end 
diastolic area index; RVESAi = right ventricular end systolic area index; RV = right ventricular; TAPSE = tricuspid annular plane systolic 
excursion; TR = tricuspid regurgitation; GLS = global longitudinal strain of the left ventricle; LA = left atrial.
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